To improve the limit of detection in a nanoplasmonic sensor system, the optical performance of the metal nanostructures should be optimized according to the best spectral window of the measurement instrument. We propose that the spectral window from 1460 to 1610 nm can potentially provide ultrahigh instrumental resolution for biosensing. We optimized gold nanoring arrays such that the extinction peak position is inside the proposed window, the extinction peak is sharp enough to track the peak shift with high resolution and the figure of merit (sensitivity/linewidth) of the array is optimized at the same time. The peak-sharpening effect of the array caused by coherent interaction plays a central role in the optimization. The optimized array has a lattice constant in the range [1000 nm; 1060 nm], a bulk index sensitivity of around 450 nm=RIU and a figure of merit larger than 4. It is an enabling sensor element for a nearinfrared sensor chip with ultrahigh resolution.
Introduction
Label-free nanoplasmonic sensors based on metal nanoholes and nanoparticles allow for rapid and real-time detection of biomarkers and chemical stimuli [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Owing to the very small dimensions, many high-performance nanoplasmonic sensor elements can be compactly fabricated onto one sensor chip integrated with microfluidic channels to enable multiplexed detections [14, 15] . Such lab-on-chip devices hold the promise to meet the ever increasing demands of biological research and medical diagnostics [10, 16, 17] . For a nanoplasmonic sensor, the limit of detection (LOD) or resolution is mainly determined by the optical properties of metal nanostructures, the instrumental resolution and the surface chemistry. If one focuses on the physical aspects alone, in order to improve the limit of detection, the essential target is to increase the sensitivity and to reduce the detection uncertainty. The sensitivity is determined by the optical properties of the metal nanostructures and can be improved by adjusting the nanostructure compositions, geometries and substrate effects [18] [19] [20] [21] [22] [23] [24] [25] [26] . The sensitivity can also be improved by directing the analytes to highsensitivity areas [27] [28] [29] . For the sensors based on detecting peak shifts, a sharper peak with smaller linewidth can significantly reduce the uncertainty [25, 30, 31] . A figure of merit defined as the sensitivity divided by the linewidth can adequately be used to evaluate the optical properties of metal nanostructures for sensing applications [21, 25, 32, 33] . For a chosen type of nanostructure, the figure of merit can be improved by a few times by optimizing the structure parameters [32, 34, 35] .
The instrumental resolution of an optical measurement system is often a main factor in determining a sensor's limit of detection. By optimizing the signal-to-noise ratio of the instrument and the data analysis algorithm, the uncertainty can be significantly reduced by more than two orders of magnitude [36] . Chen et al have achieved a detection uncertainty in the order of 9.9 x 10 -5 nm and a limit of detection down to a few pg cm -2 in sensing biomolecules using gold nanodisks of moderate sensitivity [9] . By engineering the sensor structure and the measurement system, Cervantes Tellez et al have reached a remarkable bulk sensing resolution of 9.38 x 10 -8 refractive index units (RIU) using atomically flat gold nanohole arrays, comparable to the conventional planar surface plasmon resonance sensors [26] . Considering all aforementioned aspects, an ideal sensor device could be described as having nanostructures with high figure of merit loaded into a low-noise measurement system. Therefore, the nanostructures should be optimized to function in the optimal spectral window of the measurement system. Although many measurement systems are sensitive over a very wide spectral range, the optimal spectral window with the best instrumental resolution is often narrow. Currently, most demonstrated sensors operated in the visible/near-infrared range below 1 μm wavelength because the plasmon resonances are usually in that range. Another important spectral window, the fiber-optic communication window, has so far been overlooked for sensing applications. It has great potential for high resolution nanoplasmonic sensors because many optical components and devices are optimized for this window.
We propose a spectral window of 1460-1610 nm within the fiber-optic communication window for sensing applications. Such a window overlaps with the operating range of common tunable near-infrared lasers and the high responsivity range of InGaAs photodetectors. Water absorption peaks at 1200, 1450 and 1950 nm can also be avoided by this window. Nanoplasmonic sensors functioning in this window are compatible with silicon photonic platforms and can potentially be integrated with silicon-based micro-electronic and opto-mechanical components to enable novel applications. In this work, we studied gold nanoring arrays for biosensing in the proposed window.
Gold nanorings have been demonstrated with widely tunable near-infrared plasmon resonance [37] and are promising candidates for index sensing [19, 34, 38, 39] , surface-enhanced near-infrared Raman spectroscopy and absorption spectroscopy [40] . By engineering the coherent interaction of the gold nanoring arrays, we aimed to achieve a structure with plasmon peak position, peak linewidth and figure of merit all optimized at the same time. Such an optimization scheme on nanostructures considers not only the figure of merit of the nanostructure itself but also the best spectral window of the measurement instrument. Such an effort is the first step towards an ultrahigh resolution near-infrared sensor chip. The proposed spectral window is quite narrow and therefore puts a strong selection rule on the gold nanoring arrays. For tracking the peak position with high resolution, the portion of the extinction spectrum above the half-maximum should be measured [36] . Therefore, to function in the proposed spectral window, the extinction peak linewidth has to be reduced below 150 nm. Such a narrow linewidth in near-infrared spectrum is challenging for single nanoparticles but can be readily achieved in a periodic array [25, 34, [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . According to our previous study on gold nanoring arrays, as the lattice constant increases in the evanescent grating order range, the extinction peak significantly sharpens and the figure of merit is greatly improved [34] . The highest figure of merit of the array can be three times higher than that of single nanorings. The extinction peak position is tunable over a wide spectral range and the sensitivity decreases abnormally when the grating-induced modes begin to take effect. All these trends were implemented herein to optimize the nanoring arrays.
Research methods
The sensor configuration based on gold nanoring arrays is demonstrated in figure 1 (a). Gold nanoring arrays of square lattice (lattice constant is denoted as 'a') are patterned on top of a pyrex wafer. Pyrex wafers were chosen for their excellent optical quality in the near-infrared range. The gold nanoring arrays were integrated in a transparent flow cell for introducing solutions and the extinction spectra were measured by normal transmission of near-infrared light. For biosensing, receptors are first immobilized onto the surface of the gold nanorings. When the analytes are introduced into the sensor, the receptors selectively capture the target biomolecules, due to the bioaffinity between the receptors and target biomolecules. As a result, the refractive index of the adlayer on the nanoring surface increases and the extinction peak red-shifts. The amount of the peak shift depends on the concentration of the target biomolecules.
Sample fabrication
The gold nanoring arrays in square lattice were fabricated on non-conductive pyrex substrates by electron beam lithography (EBL). The challenge is that the non-conductive glass substrate has to be made conductive for EBL purpose. In our previous study, we introduced a 25 nm thick indium tin oxide (ITO) conductive layer on top of the glass [34] . However, the ITO layer was found to broaden the extinction peak and decrease the sensitivity by more than 30%, probably due to its lossy nature in the near-infrared spectral range. In this work, the problem was circumvented by depositing a sacrificial chromium layer on top of the photoresist prior to the EBL. After EBL, the 
Measurement
The extinction spectrum of each array was measured by the normal transmission of linearly Figure 2 shows the measured and simulated extinction spectra of the periodic arrays in water for lattice constant from 600 to 1100 nm. The measured spectra matched well with the simulations in the peak positions and the trends. For each array, the measured extinction spectrum shows a broader peak with weaker amplitude than the simulated spectrum. We believe such a discrepancy is caused by the fabrication uncertainty. The fabricated nanorings are not identical and the variations reduce the strength of the coherent interaction in the array. A similar phenomenon has also been reported elsewhere [48, 52] . Figure 3 shows the peak wavelength λLSPR and peak linewidth fwhm (full-width at halfmaximum) versus the lattice constant. As the lattice constant increases, the extinction peak significantly red-shifts and narrows, due to the coherent interaction of the periodic array [34, 41, 42] . Let ares be the lattice constant for the maximal red-shift. ares can be approximated from the crossing point between the curve λLSPR(a) and the critical grating constant line defined by λ=nsuba, where nsub is the refractive index of the substrate. For a < ares, the interaction of the array is through the evanescent grating order. In this range, as a increases and becomes close to ares, the scattered fields of neighboring particles are almost in-phase and are constructively added to each other. As a result, the optical fields in the array plane are greatly enhanced that causes the peak to red-shift. In the meanwhile, the plasmon decay time increases and the peak linewidth significantly decreases. For a > ares, the interaction is through the radiative grating order. This range is not appropriate for the sensor applications due to the complicated extinction spectral shape and nonlinear response versus refractive index [34] . Therefore, optimization of the nanoring arrays should be carried out in the range a < ares.
The experimental results showed that the peak can be tuned from 1310 to 1600 nm and the peak linewidth can vary from 384 to 78 nm. Such a wide range tuning made it possible for the nanoring arrays to operate in the proposed spectral window. For tracking the peak shift, the portion of the extinction spectrum above half-maximum needs to be measured. For a given array, the range λLSPR -fwhm/2 < λ < λLSPR + fwhm/2 marks its requested spectral window from the measurement system. Figure 4 demonstrates the functioning spectral window of each array. The proposed spectral window of 1460-1610 nm is marked as a horizontal shadowed region.
According to this figure, gold nanoring arrays with lattice constants 1000 nm < a < 1060 nm can function in the proposed spectral window.
Sensitivity and figure of merit
The bulk index sensitivity is defined as mB = δλLSPR=δnB, with nB being the bulk refractive index and the figure of merit is defined as FOM=mB/fwhm. In order to measure the bulk index sensitivity, different water and isopropanol (IPA) mixtures were injected onto the sensor to change nB. Figure 5 (a) shows the linear relationships of the peak shift versus the refractive index and the sensitivity of each array was determined from the slope. Similarly, in FDTD simulations, nB = 1.33, 1.35 and 1.37 were simulated for each array to find the sensitivity of nanoring arrays in water. Figure 5 show the bulk index sensitivity and figure of merit of each nanoring array. The measured sensitivity curve matched well with the simulated one in the range a ≤ 900 nm. For a > 900 nm, the measured sensitivity decreases less rapidly than the simulations. The abnormal decrease of the sensitivity is due to the coherent interaction of the array: when a is close to ares, the coherent interaction leads to an enhanced field in the substrate but a decreased field confinement in the sensing region [34] . Considering the fabrication uncertainty that reduces the coherent interaction, the decrease of sensitivity in experiments should not be as significant as in simulations.
As a increases, the decrease of the peak linewidth is much more pronounced than the change in sensitivity and the figure of merit is therefore significantly improved [34] . The experimental results
show that FOMB increases from 1.4 into 5.1.
Optimized gold nanoring arrays
The optimized lattice constant lies in the range 1000 nm < a < 1060 nm. Gold nanoring arrays of this range satisfy all the optimization targets: the plasmon peak is within the proposed spectral window, the peak linewidth is smaller than the window span and the figure of merit is among the highest values. For the array with a D 1000 nm, the obtained bulk index sensitivity is around 457 nm=RIU and the figure of merit is around 4.2. For the array with a D 1050 nm, the sensitivity is around 448 nm=RIU and the figure of merit is around 4.9.
According to a recent review by Mayer et al summarizing the figure of merit of metal nanoparticles [11] , our optimized gold nanoring arrays have a figure of merit comparable to those highest values.
Discussions
In optimizing the gold nanoring arrays, we first fixed the geometry of the nanoring to be center diameter of 235 nm, wall thickness of 60 nm and height of 50 nm. It should be clarified that this As the lattice constant increases in the evanescent grating order range (a < ares), the sensitivity decreases, because the optical fields are greatly enhanced in the substrate which reduces the field confinement factor and sensitivity. The sensitivity of the nanoring arrays also depends on the wall thickness, diameter and height. Considering all these parameters, it is difficult to describe a trend for all nanoring arrays. If one considers the various nanoring arrays with resonance peak in the same range and that the lattice constant remains in the evanescent grating order range, the change of sensitivity follows qualitative trends versus wall thickness and height. According to the study by Tsai et al, the sensitivity slightly increases with increasing wall thickness [39] . From our simulations, we found the sensitivity decreases with increasing height.
In our previous work, we were not able to achieve a figure of merit larger than 1.43, due to the decreased sensitivity and broadened peak caused by the ITO-coated substrate [34] . To prove the biosensing applications, we implemented the optimized gold nanoring array with a = 1000 nm to detect biotin molecules binding to the streptavidins on the sensor surface. To immobilize the streptavidins, we followed the procedures described elsewhere [25, 53] . The biochemistry procedures are presented in the supplementary information. Figure 6 shows the peak shift versus biotin concentrations. In the current detection scheme, a halogen lamp was used as the light source and the extinction spectra were only recorded in the spectral window 1460-1610 nm.
The sensor proved to function correctly in this window and the uncertainty of peak shift was around 0.03 nm. As the biotin concentration increases from 1 μg ml -1 to 1 mg ml -1 , the peak red-shifts by around 0.45 nm. The limit of detection for biotin was better than 1 μg ml -1 and the refractive index resolution was around 2 x10 -4 RIU. The binding of the biotin molecules with streptavidins on the sensor surface follows the Langmuir adsorption kinetics and the sensor response versus concentration is usually a dose response curve [54, 55] .
At very low concentration, the sensor response is in linear relationship with concentration. For larger concentrations, such as the range of biotin concentration tested in our experiment, the sensor response is almost proportional to the logarithmic of the concentration. Since the sensor structure has been optimized to function in the 1460-1610 nm window, the measurement system can take advantage of mature technologies developed for fiber-optic communication and silicon photonics.
For example, once a near-infrared tunable laser is implemented as the light source, the intense stable laser light can substantially reduce the noise. The rapid scan of the wavelengths will also allow the spectra to be measured with high spectral resolution in real-time. The instrumental resolution can be improved by several orders of magnitude and ultrahigh sensor resolution can thus be achieved.
Although the main scope of this work is label-free index sensing using the nanoring arrays, the presented nanoring array structures could also be potentially used in other applications, such as mapping the cells with sub-cellular resolution [56] .
Summary
We have successfully optimized gold nanoring arrays for biosensing applications in the proposed spectral window of 1460-1610 nm. The optimized array has a lattice constant in the range 1000 nm < a < 1060 nm, with a sensitivity around 450 nm=RIU and figure of merit larger than 4. The extinction peak linewidth is narrow enough to allow the peak shift be tracked with high resolution.
The sensing characteristics of gold nanoring arrays found in experiments matched qualitatively with FDTD simulations. The differences in quantities were attributed to the strength of the coherent interaction in the array. 
